Pain originating from spinal nerve roots demonstrates multiple pathogeneses. Distinctions in the pathoanatomy, biomechanics, and pathophysiology of spinal nerve roots contribute to pathology, diagnosis, and management of root-related pain. Root-related pain can emerge from the tension events in the dura mater and nerve tissue associated with primary disc related disorders. Conversely, secondary disc-related degeneration can produce compression on the nerve roots. This compression can result in chemical and mechanical consequences imposed on the nervous tissue within the spinal canal, lateral recess, intervertebral foramina, and extraforminal regions. Differences in root-related pathology can be observed between lumbar, thoracic, and cervical spinal levels, meriting the implementation of different diagnostic tools and management strategies.
INTRODUCTION
Pain originating from spinal nerve roots demonstrates multiple pathogeneses. Root-related pain can emerge from the tension events in the dura mater and nerve tissue associated with primary disc related disorders, including disc protrusion, prolapse, and extrusion. Conversely, secondary disc-related degeneration can produce compression on the nerve roots within the surrounding "container," 1 resulting in chemical and mechanical consequences imposed on the nervous tissue within the spinal canal, lateral recess, intervertebral foramina, and extraforminal regions. In order to understand root-related pain, the normal and pathological anatomy, biomechanics and pathophysiology of spinal nerve roots must be reconsidered. Additionally, one must evaluate the differences in those processes that can be observed between lumbar, thoracic, and cervical spinal levels in order to understand the propensity for specific afflictions in those regions.
Lumbosacral Spinal Canal, Lateral Recess, and Foraminal Zone
Lumbar and sacral vertebral canals are developmentally equivalent in cross sectional area during the first 14 weeks in utero. After 14 weeks, the lumbar canal develops at a faster rate than the sacral canal. In addition, the lumbar canal achieves an adult size within the first 12 months postpartum at the L3 and L4 bony levels. If bony growth is impaired during an infant's early development, the upper lumbar region may be pre-disposed to compression of neural tissue within the central spinal canal, lateral recess, and foraminal regions. Conversely, the canal at the fifth lumbar segment develops more slowly and does not reach an adult size until the fifth year, thus providing the canal an opportunity to "catch up" if development is delayed in utero or early infancy. 2 Bony and soft tissue structures comprise the boundaries of the spinal canal and the relative contribution of these structures differs at various levels within each bony segment. A cranial view of the lumbar bony segment reveals several important regions associated with the course of the nerve root (see Figure 1) . One notes the central canal zone in the middle of the spinal canal. The sub-articular zone (or lateral recess) comprises the lateral region of the canal and is found between the articular process (posteriorly) and the vertebral body (anteriorly). Nerve roots course through this recess after exiting the dural sac en route to the foraminal zone of the intervertebral foramen. These roots are positioned further away from the inferior pedicle and closer to the superior pedicle. 3 Finally, lumbar roots exit the confines of the axial skeleton through the extraforminal (or farlateral) zone. 4 This orientation in the lumbar spine predisposes lumbar roots to chemical and mechanical irritation, secondary to a close proximity with the disc and zygapophyseal articular processes.
From a lateral view, the lumbar spinal canal can be vertically divided within each segment into supra-pedicular, pedicular, infra-pedicular and disc levels (see Figure 2) . The vertebral bodies, posterior longitudinal ligament (PLL) and venous plexus of Batson border the canal on the ventral side at all levels of each segment. At the suprapedicular canal level, the superior articular processes of the bony segment border the canal posteriorly. At the pedicular level of the canal the pedicles, laminae, ligamentum flavum and retrodural fatpad form the lateral and posterior walls of the canal. The intertransverse membranes, inferior articular processes, ligamentum flavum and retrodural fatpad border the infra-pedicular level of the canal. Finally, the intervertebral disc, PLL, zygapophyseal joint (ZAJ) capsule, and ligamentum flavum border the discal level of the canal. Disc derangements, as well as hypertrophic changes in both bony and soft tissue structures in the canal, can lead to neural compromise. 5 Vertebral bodies can develop degenerative changes that lead to canal compromise. These degenerative changes frequently occur in response to the increased 'wobble' associated with a segmental hypermobility. 6 In response to this hypermobility, the segment attempts to stabilize in context with progressive disc fibrosis and reduced disc height. This adaptation produces ventral, dorsal and lateral lipping on the vertebral body margins, thus representing a segment's attempt to stabilize the hypermobility. 7 Although these bony changes do not serve as a pain generator, they can reduce the diameter of the spinal canal, compress the dural sac and cauda equina, increase intradural pressure, and produce root-related pain.
The posterior longitudinal ligament (PLL) is comprised of two layers and courses posterior to the verte- bral column on the anterior wall of the spinal canal. The superficial layer is 8-10 mm wide and extends along the midline of the column from the cervical to sacral bony levels. Deeper fibers of the superficial PLL are hourglass shaped and fan out laterally, attaching to the posterior disc-annulus complex. The deep layer of the PLL is very narrow (2 to 3mm width) and is continuous with the hourglass shape of the superficial PLL, attaching to the lateral borders of the annulus and loosely to the vertebral body. Superficial and deep layers of the PLL are interconnected at each level where the deep layer joins the disc-annulus complex. [8] [9] [10] [11] The ligaments of Hoffmann (LOH) connect the dura with the superficial layer of the PLL (see Figure 3) . The fibers of the LOH, which are confluent with the PLL-annular complex, course dorsal to attach to the dura. They are wider cranially and demonstrate considerable anatomic variation in their attachments and configurations. 12 The ligaments of Hoffmann hold the lumbar dura ventrally against the vertebra and secure the dura of the root in a caudal direction as the axial skeleton grows and develops. 10 In addition, the LOH appear to transmit tension forces from the epineurium and dura to the spinal column. 13 Furthermore, the dura mater of the root is attached to the disc and PLL via tight adhesions through these same ligamentous networks. Investigators observed bundles of free nerve endings within the PLL that contained substance P (SP), calcitonin gene-related peptide (CGRP) and nitric oxide (NO), all which support the nociceptive role the PLL plays in the inflammatory and sympathetic sensitization processes of low back pain. 9, 14 Interforaminal ligaments (or Lateral Hoffmann ligaments; LHL) attach the lumbar dural root sleeve complex to the intervertebral foramen (see Figure 3) . The LHL serve to decrease posterior displacement of the dural root sleeve with a disc herniation. This can have consequences since LOH and LHL can tension load the dura or the PLL. Thus, any subsequent tension load that is imposed on the root could produce nonradicular, referred pain, either by virtue of chemically activated root sleeve mechano-sensitivity or irritation of a mechanosensitive PLL (see Figure 4) . 15, 16 Another important structural consideration involves the anterior and posterior internal vertebral venous plexi (or plexi of 'Batson'). These plexi are comprised of an ongoing maze of valveless veins coursing cranially and caudally within and along the ventral and dorsal surfaces of the epidural membrane. 5, 17, 18 Branches from these veins perforate the peridural membrane at several intervals to enter the vertebral body. However, most veins course uninterrupted across the PLL/annulus complex at the level of the disc. Blood from the vertebral bodies enters the venous system at the nutrient foramina near central points on the posterior surface of the vertebral body. Additionally, blood can course in the opposite direction with changes in abdominal pressure. 10, 17 Thus, the entire plexus serves as a blood reservoir to stabilize pressure in and around the axial skeleton. Because the plexi are valveless, they are subject to poor drainage and resultant distension. This distention is most frequently observed at L3L4 and L4L5, coupled with a compromised canal size at those levels associated with degenerative changes. Furthermore, this venous engorgement can trigger an inflammatory cascade, fibrosis and increased epidural pressure 19, 20 that can produce intermittent neurogenic claudications (INC) and or nerve root compression syndrome (NRCS), especially when more than one spinal level demonstrates these changes. 21 Finally, this mechanism may explain why therapeutic traction and abdominal stabilization exercises may decrease symptoms, as those activities could reverse the engorgement process by altering pressure gradients.
The intertransverse membrane extends between the transverse processes of the lumbar spine. More importantly, it extends between the lateral aspects of the ZAJ's and pars interarticularis, thus surrounding the dorsal root ganglion (DRG) and nerve root with collagenated membrane, extraforaminal fat and connective tissue. As result, any tension load imposed on the intertransverse membrane may irritate the DRG. This irritation may be accentuated with segmental hypermobility and warrants neural flossing, so to lessen the sequelae of nerve root and DRG entrapment. 22 The ligamentum flavum is confluent with the anterior capsule of the ZAJ and closes the posterior spinal canal between the lamina (see Figure 3) . This ligament reveals a rich elastin fiber concentration, producing capsular flexibility coupled with elastic stability to the posterior axial skeletal mechanism. This ligament is continuously pre-tensioned in all positions of the spine, precluding any anterior buckling of the normal ZAJ capsule into the spinal canal. However, this ligament demonstrates a potential for hypertrophy with chronic inflammation and or hypermobility and acts as a key contributor to nerve root compression syndrome. 5 Lumbar segmental hypermobility can eventually lend to hypertrophic changes in the ZAJ articular processes. When these processes hypertrophy in concert with the posterior bulging of a 'flattened' degenerative disc, the cross sectional areas of the spinal canal, lateral recess, and foraminal zones could be compromised. 23 This compromise is increased with lumbar extension or axial loading 24 and could lend to INC and NRCS, due to bony stenotic changes. However, long before hypertrophic changes are noticed, the superior articular process of the caudal vertebra in a motion segment can gradually migrate into the foraminal exit zone in response to intervertebral disc degeneration. This migration could reduce the anterior-posterior diameter of the lateral root container, leading to a front-back compression of the nerve root (see Figure 5) . 23, 25 Continuing dorsally from the dorsal dura, one witnesses a retrodural fat pad. This fat layer is located in a posterior triangular form of the laminar arch. The layers of retrodural fat are connected to the dorsal dura anteriorly, the lamina laterally, and the ligamentum flavum posteriorly. Small arteries and veins enter the fat at the connection site of the ligamentum flavum. 8 This retrodural fat pad can hypertrophy during secondary discrelated disorders. Additionally, the fat pad bulges anteriorly during trunk extension, thus contributing to the dynamical stenotic processes that produce INC and NRCS. Conversely, it appears that epidural administration of anesthetic agents can shrink this fat and reduce its imposition on nerve roots.
Meninges
The spinal meninges (dura mater, arachnoid, pia mater) form a protective sheath around the spinal cord and are anchored to the cord via the dentate ligaments. The subarachnoid space and fibro-adipose tissue protect the spinal cord and meninges from deforming forces. 26 Morphologically, the dura mater is composed of three distinctive layers of collagen. 26, 27 These layers are interspersed with elastin fibers, which allow the dura to be displaced with postural changes. The collagen is further organized into 78 to 82 thin interwoven laminae 26, 27 that are primarily organized in the longitudinal direction. 28 This organization enhances tensile strength in resistance to longitudinal stress. 29 In addition, fibers are concentrically wrapped around the spinal axis, providing additional transverse tensile strength aimed at protecting the neural tissue. 26, 27 Furthermore, 7% to 14% of the dural content is elastin, providing a limited extensibility. 30 Cranially, the rectus capitis posterior minor muscle (RCPM) has a connective tissue attachment to the suboccipital dura via the posterior atlanto-occipital membrane (PAO). This mechanism serves to resist in-folding of the dura during movements of the upper cervical spine in conjunction with the craniale durae matris spinalis (CDMS). The RCPM contains a large number of mechanoreceptors that suggest it plays a role not only with resisting dural in-folding, but may be involved with proprioceptive disturbances from whiplash-like trauma.
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The dural sac extends caudally along the entire length of the spinal canal, surrounding the spinal cord down to the conus medullaris and extending further to surround the cauda equina. As the root bundles exit laterally, the pia-arachnoid membranes fuse and surround the fascicles. This results in a deep sulcus of dura forming around the roots as they exit the thecal sac. Once the roots have exited the dural sac, they course within a dural compartment infero-laterally, until fusing together into a spinal nerve. 8, 16 This 1 to 2 cm region from the dural sac to just beyond the DRG is typically labeled as the 'nerve root.' However, Wiltse called the dural structure a dural root sleeve, since it contains 2 separate roots (ventral and dorsal) within a dural compartment (see Figure 6 ). 10 The dural sleeve extends as far as the lateral margins of the foraminal zone, where the dura becomes confluent with the epineurium 13 and the 2 spinal roots join together to form the spinal nerve. 10 In successive caudal segments, the exiting roots within their dural sleeves exit the dural sac in an increasingly vertical orientation. Along with this changing orientation, the exit point differs at successively caudal root levels. Whereas the L1 root and sleeve emerge dorsal to the L1 vertebral body, the L5 root and sleeve emerge dorsal to the L4L5 intervertebral disc. This variance may give rise to varying impact of primary disc lesions upon nerve tissue at different disc levels. 5 Dorsally, the spinal dura and dural sleeve does not possess the same nerve supply when compared to the rich somatosensory and visceral efferent nerve supply afforded to the cranial and ventral dura. 14, 26, 33, 34 The dorsal dura is scantly innervated from branches of the ventral dural plexus, whereas the sinuvertebral nerve from several root levels richly innervates the ventral and lateral dura. 5 The sinuvertebral nerve may ascend or descend up to 4 or 5 spinal levels from its point of entry in the dural plexus. This poly segmental innervation may help explain vague, non-radicular, referred pain associated with a prolonged chemical or mechanical irritation event imposed upon the ventral and lateral dura. 11, 33, 35, 36 Additionally, the cranial, ventral and lateral dura demonstrate greater numbers of SP and CGRP nerve fibers when compared to the dorsal spinal dura. A paucity of SP and CGRP nerve fibers in the dorsal spinal dura suggests the dorsal dura's limited role in pain generation. 14, 34 Finally, the sinuvertebral nerve demonstrates a structurally curled appearance, which could allow for length adjustments within the mobile dura during flexion and extension movements. 33 Scar tissue could hinder this mobility, lending to an increased non-radicular referred pain associated with root mobility limitations.
Selected Anatomical Features of Lumbosacral Nerve Roots
At two years of age, the final resting position of the conus medullaris is set between L1 and L2. 37 In adults without spinal deformity, the conus medullaris can vary in position from the middle third of T12 to the upper third of L3. 38 The conus medullaris represents the end of the caudal tip of the spinal cord whereby continued innervation is carried within the lumbar and sacral plexus making up the cauda equina. Individual roots within the cauda equina from L2-3 to L5-S1 are organized with the cranial roots being ventral and lateral and caudal roots positioned dorsal and medial. [39] [40] [41] Within each nerve root, the motor bundle is positioned anteromedial to its larger sensory counterpart. 42 Nerve roots of the cauda equina are composed of fascicles that are grouped into bundles within the subarachnoid space. Between 1 and 10 fascicles are bound into a bundle by a fine membrane from the pia-arachnoid. Each dorsal root is comprised of 1 to 10 bundles, whereas, the smaller ventral roots are typically formed as a single bundle. The root receives nutrition from different sources. First, the roots receive nutritive support by diffusion from extrinsic and intrinsic vessels. 43 Extrinsically, the root receives a blood supply from vascular branches of the large vessels and the arterial tree of the spinal nerve. 16, 44 In addition, an intrinsic capillary bed surrounds the root to augment diffusion. However, the vascular supply to the root is less extensive than the supply to the spinal nerve or spinal dura. 45 As a consequence, spinal nerve roots are prone to "neuro-ischemic" response, due to degenerative changes and inflammatory reactions in the lumbar spine. 16, 20, 40 Secondly, the roots are bathed by cerebrospinal fluid (CSF), 46 as the dural sleeve is accompanied by a subarachnoid space and pia mater. 16, 47 A paucity of CSF is found at the distal insertion of the sleeve, corresponding with the region of poorest capillary perfusion ("a zone of lability"). Thus, this region of the root is especially vulnerable to accelerated irritation and resultant mechanosensitivity. 48 
The Lumbosacral Dorsal Root Ganglion
The size of the dorsal root ganglion (DRG) varies across the spinal levels. The size progressively increases across the lumbar spine in successive caudal levels down to S1, whereas the size of the DRG decreases caudal to S1. Specifically, the first lumbar DRG is 7 mm in length and 5 mm in width, versus a 13 mm length and 6 mm width at S1. In addition, the position of the DRG varies across spinal levels. Ninety percent of the lumbar DRG's are positioned directly inferior to the pedicle, whereas 8% are positioned inferior and lateral to the pedicle and 2% are located medial to the pedicle within the lateral recess (see Figure 7) . 42 Ohmori et al suggested that the location of the DRG within the intervertebral foramen influences the severity of symptoms suffered by patients with an extraforminal disc lesion, with this risk of irritation increasing when the DRG is more proximally located. 49 Additionally, Sato and Kikuchi found that most S1 DRG's were located in the lateral recess, versus the in- traforaminal location for the L4 and L5 ganglia. 50, 51 These features, when coupled with a lateral recess that is longer and narrower, lends the S1 DRG to higher incidence of irritation. Pain generation from the DRG is both mechanically and chemically mediated. Although the onset of chemically activated root mechanosensitivity and subsequent pain is gradual and progressive, the dorsal root ganglion (DRG) demonstrates immediate increased pressure and pain provocation when it is mechanically deformed. 40, [52] [53] [54] [55] In addition, neuro-physiological after-discharges can be triggered for up to 25 minutes after the stimulus is removed, even when minor mechanical pressure is exerted upon the DRG. This behavior is the result of high Na ϩ channel concentration in the region of the DRG. 45, 56 Thus, the sharp, mechanically-induced projection pain that is produced during the early stages of a primary disc-related disorder is typically related to DRG mechanical deformation, 52 whereas the gradual aching pain that is referred into an extremity is triggered by chemically mediated mechano-sensitivity of the root itself. This information can guide a clinician when planning appropriate management. Whereas mechanical interventions should alter DRG-related pain, pharmacological management may be more effective for chemically triggered radicular pain.
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Lumbar Root Pathomechanics
The connective tissue composition within the root and dural sleeve are sparse in comparison to peripheral nerves. 13, 58 Beel et al found in experimental animals that several biomechanical properties were different in a root versus an adjacent peripheral nerve. 13 The investigators found that the root demonstrated significantly lower tissue density, limit force, strength, maximum stiffness and Young's modulus (elasticity modulus; stress/ strain). These differences may lend roots to a higher propensity for irritation and injury during tensile and compressive loads. The movement of the lumbosacral dura is characterized by the orientation and stress responses of the dural collagen fibers. As previously mentioned, the collagen is oriented primarily in the longitudinal direction with respect to the axon orientation. This orientation appears to influence the biomechanical properties of the dura. 28 Runza et al found that stress applied to a dural sample in a longitudinal direction demonstrated a significantly higher ultimate stress and strain, as well as Young's modulus, versus stress applied in a transverse direction. 29 These findings suggest that the dural collagen adapts to repetitive stretch, producing a stronger tensile strength and greater stiffness in the longitudinal direction.
Movement of the extremities develops tension loads within the nerve roots with variable root motion responses. 13 For example, when the hip is flexed from 0 Њ to 30 Њ during a straight leg raise (SLR), tension is accrued without actual movement of the sacral plexus or cauda equina. Additionally, when the hip is flexed from 30 Њ to 60 Њ , the roots of the sacral plexus move an average of 2 to 5 mm distal-caudal. Furthermore, in the range between 60 Њ and 90 Њ hip flexion, the roots move primarily ventral-lateral toward the ipsilateral pedicles. Finally, there is no caudal movement of the lumbar plexus during straight leg raise. 59 Fibrosis or tethering of the nerve could reduce this motion, leading to irritation and inflammation of the root, resulting in pain. Conversely, this root behavior is not produced to the same extent in the cervical spine during movements of the arm, because cervical roots C5, C6, and often C7 have attachments to the corresponding transverse processes. 60 Lumbar spine flexion (with the hips in neutral) produces a longitudinal tension loading of the dura, 13 ,29 cephalad movement of the lower spinal cord 61,62 and consequential movement of the sacral plexus in a direction similar to that observed in the last 30 Њ of SLR. During the same trunk movement, the roots of the lumbar plexus move cranially. 63 This trunk movement-induced root tension may produce clinical consequences. Schnebel et al found that segmental flexion increased the tension load on the ventral root, while extension decreased the same load. 64 In addition, the investigators suggested that the root tension event associated with trunk flexion could increase the transverse compression force of a disc lesion against the root. This increased tension occurs because the nerve root is fixed both at its exit from the thecal sac (via LOH) as well as at its exit through the intervertebral foramen (via interforaminal ligaments). In these young patients, in whom the disc height is preserved (not allowing for any slack in the nerve root), there would be a considerable increase in tension at the edges of the compressive root deformation, or the socalled "edge-effect". 65 Finally, Schnebel et al suggested that longitudinal tension loads imposed on the root through clinical testing could reproduce this same root deformation and subsequent symptoms. 64 As stated above, an inflamed root is susceptible to compression by the disc. It is well documented that tension causes a decrease in arterial and venous blood flow at the root level, as well as a decrease in the nutritional transport of cerebrospinal fluid. 65, 66 This local ischemia is one of the factors (together with the chemical reaction that takes place when disc material contacts the nerve root) that could cause a local chemical reaction at the nerve root, leading to inflammation and edema. 40, 67 Thus, when tension increases during movement, compression by the disc against the irritated nerve root also increases, accompanied by increased radicular pain. Smyth and Wright produced root pain when a slight pull was exerted upon nylon threads that were looped around affected roots during disc surgery. 68 However, this investigation did not determine whether the loops around the affected roots were causing the pain (local compression). In addition, it did not identify whether this type of pull was an accurate representation of an invivo response. Thus, the relative contribution of root tensile stress versus root inflammation in symptom provocation is unclear, as they usually occur simultaneously. This dilemma may be better understood by evaluating the events that occur during different lumbar pathogeneses. In young adults, a protruding disc deforms the associated nerve root, bringing the root under tension. 69 The local ischemia, in concert with disc contact against the ventro-lateral nerve root, 40 triggers a release of chemical substances that activates a true chemical irritation of the root. Consequently, this "focus" of inflammation becomes a pain generator when mechanically stressed by the disc, demonstrating that pain is a consequence of both chemical and mechanical factors. 40, 70 In addition, the young disc has not yet lost height, resulting in a limited root mobility that is related to proximal and distal attachments to surrounding structures. Consequently, the root is more rapidly tension loaded, resulting in a significantly greater amount of transverse stress exerted against the irritated site (see Figure 4) . Therefore, rootrelated symptoms associated with a young primary discrelated disorder arise as a consequence of disc turgor, limited root mobility, root tension loading, and root irritability. This event will be later referred to as a diagnostic "Tension Event." For the root-related pain associated with secondary disc-related disorders, a narrowed disc space produces a loss in segmental height and subsequent root relaxation (or "slackening"). 69 However, dural testing can produce pain with this disorder even though the root is slackened. In this instance, the irritable focus on the root is pulled through a true compression site that is created by posterior bulging of the flattened disc and anterior migration of the retrodural fatpad, ligamentum flavum, and/or the ZAJ articular process from the caudal bony segment (FRONT-BACK compression). 40 Thus, pain is elicited because of a mechanical compressive event on the root versus the tension event witnessed with a primary disc-related disorder (see Figure 5 ). As a consequence, testing this condition will produce outcomes that will differ from those produced during a primary discrelated disorder, as discussed further in "Dural Testing."
Thoracic Considerations
The shape of the thoracic spinal canal is small and round in concert with short, thick pedicles, especially at the T4 to T9 levels. The upper thoracic roots course approximately 3 cm caudally before exiting the vertebral column, whereas thoracolumbar roots course approximately 7 cm. 71 In addition, the thoracic pedicle is positioned at the cranial half of the vertebral body. As result, the thoracic intervertebral foramen maintains a relatively high position with respect to the intervertebral disc. Furthermore, thoracic roots demonstrate the greatest distance from the superior and inferior pedicles of the intervertebral foramen. 72 As result, the incidence of thoracic root pain from a primary disc protrusion is less likely, due to a high neural arch and distance of the root from the disc when compared with cervical and lumbar regions. 73 However, when thoracic roots are irritated, root related pain could be observed in the distribution of the spinal nerve ventral rami. The 12 pairs of thoracic ventral rami are also known as intercostal nerves (with exception of the 12 th ventral ramus, which is termed the subcostal nerve). These nerves innervate the pleura, costotransverse and costovertebral joints, intercostal muscles and the skin at the ventral trunk. In addition, the T1 ventral ramus also serves the brachial plexus. 74 Therefore, thoracic root related symptoms could be observed in regions of the anterior ribs and sternum, as well as the distributions of the posterior joints of the ribs.
Cervical Considerations
Several distinctive anatomical features in the cervical spine lend to root-related pain. The spinal nerves course through the neural groove and then enter the intervertebral foramen, which is located anterior-medial to the ZAJ articular processes and lateral to the uncinate processes. From the foramen, the nerves course through sulci (or gutters) within the cervical transverse processes. These bony confines pre-dispose patients to arm pain that is commonly related to nerve root compression associated with degenerative changes in the uncinate and or zygapophyseal articular processes. 5 These degenerative changes result in a narrowing of the interverte-bral foramen in a front-back direction versus the updown direction frequently witnessed in the lumbar spine. 75 However, settling of the cranial vertebral body in response to disc degeneration can narrow the intervertebral foramen in an up-down direction. Foraminal area can decrease as much as 40% to 45% with a mere 3 mm settling of the cranial body. 76 Fortunately, the consequences of these compressive events can be clinically reduced through a dorso-ventral mobilization procedure applied to the caudal bony segment, as this method enhances the a-p diameter of the canal.
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Different anatomical features lend each cervical root level to producing root-related pain. For example, the C7 root demonstrates 2 unique distinctions that lend it to a compressive event and root-related symptoms. First, it is relatively larger than the other roots in the cervical spine. Second, the root courses closer to the ZAJ articular processes versus other roots. These features may predispose the C7 root to the compressive events related to segmental degeneration. 77 Conversely, the antero-posterior diameter of the intervertebral foramina is smaller for the C4, C5, and C6 root levels. Furthermore, the nerve root length gradually increases from C3 to C6.
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These features, in combination with higher uncinate processes and a longer course for nerve roots in close proximity of the uncovertebral and ZAJ articular processes, may predispose the C4 to C6 root levels to compression. Finally, the DRG's in the cervical spine demonstrate either an intra-foraminal or extra-foraminal variance in location. 79 Lu et al found that the C6 root demonstrates a 48% incidence of intra-foraminal DRG positioning, whereas the C7 root demonstrates a 27% incidence of the same phenomenon. 76 These patterns may pre-dispose dorsal root ganglia of C6 and C7 to kinking around the bony architecture during movement, resulting in a sharp radicular pain in the upper extremity. The uncinate processes may contribute to a reduced incidence of arm pain associated with a primary disc lesion. The uncinate processes serve to restrain a posterior-lateral disc protrusion or prolapse, reducing the disc's contact with the root. Furthermore, if a primary disc affliction tension-loads the root and produces arm pain, it will inevitably produce neck pain, as a disc bulge not only accesses the root medial to the uncinate process, but also irritates the highly innervated posterior longitudinal ligament that is in close proximity. Furthermore, a huge prolapse extending over the uncinate process, a neurinoma, thoracic outlet syndrome, foraminal stenosis, or serious pathology must be suspected if the patient presents with isolated arm pain. 80 Each cervical root is comprised of multiple ventral and dorsal rootlets that leave the spinal cord and course to the intervertebral foramen at varying angles. Whereas the cranial rootlets traverse to the foramen in a dorsal-lateral oblique direction, the caudal rootlets of a given segment approach the foramen in a more horizontal direction (see Figure 8) . 81 Thus, there is very little distance between the pedicle and the dural sac that contains the superior nerve roots. Conversely, the inferior nerve rootlets are approximately 1.5 mm below the superior pedicle, with the greatest distance demonstrated at C6. 82 In addition, C5 demonstrates the shortest roots and the most horizontal course, thus pre-disposing this neural segment to pathological tension loading after surgical fixation or disc bulge at other surrounding cervical levels. 44 For example, a posterior paramedian primary disc affliction at C6C7 may result in C5 radiculopathy. As this disc prolapse deviates the spinal cord contralaterally, the lateral movement first loads the horizontally oriented C5 root, potentially resulting in C5 radiculopathy. Thus, a C5 radiculopathy is not necessarily suggestive of a C4C5 disc affliction.
Root Pathophysiology
Nerve roots require chemical irritation to become mechano-sensitive pain generators. 83 The ventral dural sleeve is richly innervated with "Silent" nociceptors that possess high activation thresholds. 40, 53, 84 Although normal mechanical stimuli do not activate these receptors, they can become mechanosensitive after being "sensitized" by chemical irritants such as serotonin, histamine, bradykinin, prostaglandins, and phospholipase A2 (PLA2). 40 This nerve root irritation can emerge from both primary and secondary disc-related disorders in the spine.
McCarron et al observed a marked inflammatory response in nerve roots that were exposed to autologous nucleus pulposus. 84 This response was accompanied by edema, fibrin deposition, cellular infiltrates, and granular tissue formation. Eventual fat coalescence, hypervascularization and regional fibrosis developed in the region of the exposed tissue. Additionally, Olmarker et al observed a decreased nerve conduction velocity in roots that were exposed in a similar fashion. 57 Furthermore, Olmarker et al observed root intracellular edema and Schwann cell expansion during a similar evaluation. 85 Finally, Kawakami et al found that inflammatory-mediated leukocyte proliferation in the region of a root exposed to autologous nucleus pulposus resulted in marked hyperalgesia in experimental animals, thus confirming the role of inflammatory cellular infiltrates in root related pain. 86 Investigators have observed other effects from neural tissue exposure to autologous nuclear material. Kawakami et al detected increased concentrations of phospholipase A2 and nitric oxide in the proximity of herniated nucleus pulposus and linked these concentrations to hyperalgesic radiculopathy. 87 Additionally, Takebayashi et al observed increased DRG hyperexcitability and mechanical hypersensitivity when the ganglion was exposed to autologous nuclear material. 88 These experiments illustrated the rapid, progressive, and significant chemical consequences that can result from nuclear migration associated with a primary disc affliction. Similar findings have been observed during secondary disc-related compression of the root and DRG, linking these events to root-related pain. 20 Garfin et al suggested that prolonged root compression could lead to root injury and vascular ischemia, resulting in root inflammation and sustained symptoms. 40 Frank suggested that arachnoid cells could initiate the sustained intradural inflammatory reactions and fibrosis observed in cervical nerve roots associated with spondylotic cervical myeloradiculopathy. 89 In addition, macroscopic changes have been observed in the cauda equina of experimental animals following prolonged compression. 20, 90 Prolonged stenotic compression resulted in adherence of the cauda equina, an increase in the ratio of small-diameter axons, and a reduced ratio of large-diameter axons. Furthermore, these changes appeared to be more profound when imposed on older experimental animals. As nociceptive signals are conducted across small diameter sensory axons, these neuro-plastic changes could lead to increased nociceptive afference communicated to the dorsal horn of the spinal cord. Various investigators discovered that chronic DRG compression produces DRG ectopy, regional hyperalgesia, and subsequent neuropathic pain responses. [91] [92] [93] [94] Investigators have postulated numerous mechanisms responsible for increased DRG cyclic activity. These mechanisms that produce heightened DRG electrical excitability 91 include ganglion cross-excitation, 95 vasoconstrictive events, 96 and altered sodium and calcium channel expression.
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Other investigators have discovered that the DRG demonstrates increased sympathetic fiber expression after injury to neural tissue. This expression involves sympathetic collateral sprouting [100] [101] [102] that forms a sympathetic fiber basket around the DRG. 103 This basket appears to be responsible for the sympathetic-sensory coupling that triggers DRG ectopy and sympathetically maintained pain.
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Clinical Profile of Root-Related Pain
Primary disc-related disorders are typically seen in persons under 50 years of age, with either acute (sharp) or gradual onset of symptoms (ache). The onset can be pre- ceded by multiple episodes of low back pain (if a protrusion) and can be accompanied by leg pain that worsens in the early morning, as a function of disc imbibition during the previous night. Sitting and forward stooping increases low back and lower extremity pain, as does trunk flexion and either ipsilateral or contralateral sidebending. Imaging studies may reveal a disc lesion, but these findings are not necessarily pathonomonic for clinical primary disc disorders. [105] [106] [107] Root-related pain associated with a primary disc lesion (protrusion, prolapse, or extrusion) can be radicular and non-radicular in nature. Radicular symptoms extend into a given dermatomal distribution and are initially sharp in nature, due to DRG compression. Aching pain can radiate into the buttock and lower extremity as the nerve root becomes mechanosensitive, in context with chemical irritation. Additionally, irritation of the ventral dura can produce referred, non-radicular aching pain into the low back, buttock, and proximal posterior thigh. 108 This distribution is typically diffused, as a function of polysegmental innervation from the sinuvertebral nerve, 5 and is perpetuated by fibrotic adhesions.
Positive dural tests can differentiate these symptoms from the referred, non-radicular pain that is produced by degenerative internal disc disruption.
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A primary disc lesion can mechanically produce other radicular symptoms that accompany root-related pain. A posterior-lateral disc prolapse is the result of a breech in the outer annulus of the disc as result of macrotrauma. This response produces significant root tension and a true axonal compromise, potentially resulting in motor and sensory disturbances. 110 Conversely, protrusion demonstrates an intact outer annulus without any neurological deficits, due to the lack of true axonal involvement. Finally, posterior central prolapse is the consequence of PLL rupture and migration of nuclear material into the spinal canal. This affliction can present with cauda equina symptoms, which include bowel and bladder disturbances, saddle anesthesia, numbness in the plantar aspects of both feet and impotence in males. The presence of cauda equina symptoms merits surgical intervention.
11
In secondary disc-related disorders, nerve root compression syndrome (NRCS) commonly involves a static or dynamic stenosis secondary to degenerative changes in the spine. NRCS in the lumbar spine is typically associated with lateral recess or foraminal narrowing from hypermobile segments. Clinically, lumbar NRCS is seen in persons over 50 years of age with a gradual onset of symptoms (ache) and a history of multiple episodes of back pain. The patients typically complain of severe radiating pain during the day that keeps them up at night. During the functional examination, if the compression lies in the intervertebral foramen, trunk extension in combination with ipsilateral sidebending and rotation can provoke the lumbar root related pain, whereas Spurling's test will provoke the same in the cervical spine. Patients with NRCS commonly present with a segmental capsular pattern of limitation associated with degenerative changes that may or may not be painful. Imaging studies typically reveal disc narrowing and signs of NRCS. In the cervical spine, NRCS is most frequently associated with bony changes from the uncovertebral and zygopophyseal joints leading to anteroposterior narrowing of the intervertebral foreamen. This NRCS is most frequently seen in persons over 45 years of age having multiple episodes of local cervical pain. Pain typically has a gradual onset and is worst at the end of the day accompanied by paresthesias, sensory loss, and possible motor disturbances.
Intermittent neurogenic claudications in the lumbar spine are associated with cauda equina compression that is the consequence of spinal stenosis. Typically, symptoms occur with walking secondary to vascular engorgement and inflammatory cascade, in response to stenotic changes. Patients are commonly greater than 50 years of age and more frequently male. The patient frequently complains of a "heavy" or "tired" feeling in both lower extremities that occurs with walking and eventually forces him or her to stop and rest. At night, the patient's sleep patterns are interrupted by cramping and "restless legs" that is only alleviated with getting up and walking. There is a long history of back pain in conjunction with claudication symptoms. The patient tends to develop a Simeon or kyphotic posture with walking and is unable to stand with an erect posture. Upon examination, extension is extremely limited, whereas flexion is readily available. The straight leg raise is usually positive, whereas slump testing will be negative. Sensory and motor disturbances may be transient. Patient's can bike, walk uphill or ascend stairs with decreased symptoms (due to a flexion posture).
11,25
Other medical pathologies can produce root-related pain. For example, An reported that cervical radicular pain must be differentiated from numerous neurologic and neoplastic conditions, such as multiple sclerosis, ALS, syringomyelia, neurinoma, pancoast tumors, intracerebral tumors, tumors of the shoulder girdle, and metastatic disease. In addition, the same author suggested that thoracic outlet syndrome, peripheral nerve entrapment, primary shoulder lesions, and visceral disorders could produce symptoms similar to cervical radicular pain. The investigator suggested that a thorough clinical history and physical examination would guide the clinician in the differential diagnosis. 111 Herpes zoster can produce severe root-related pain any region of the spine, 112 accompanied by multiple skin eruptions. This condition is caused by a reactivation of latent varicella zoster virus and can be very severe for patients who have not previously contracted chickenpox. A dermatomal pain and skin lesion pattern usually erupts secondary to spinal ganglia harboring the latent virus. Herpes zoster occurs most frequently in persons over the age of 60 years, making it difficult to differentiate from NRCS. Skin lesions can take up to 3 to 5 days to appear and eradication is difficult. The root-related pain associated with thoracic primary or secondary disc-related disorders demonstrates a similar presentation to herpes zoster. However, zoster demonstrates several clinical distinctions that are useful for differential diagnosis. First, the pain associated with herpes zoster is constant, severe and unaffected by changes in posture. Second, sensory changes are diverse and widespread when compared to single-level radiculopathy. Third, the pain and parasthesias associated with zoster may increase with temperature changes or exposure to the sun. Finally, zoster rarely induces motor loss.
Dural Testing: Procedures and Outcomes
The root-related pain associated with primary and secondary disc-related disorders can be clinically provoked through a series of dural tests. For the lumbar spine, the clinician can incorporate different iterations of the Straight-Leg-Raise (SLR) and Slump testing. These tests can be systematically performed to exploit the mechanical behaviors of the roots and dura within the surrounding anatomical containers. The outcomes of the tests will differ for root symptoms produced by primary versus secondary disc related disorders, and the clinician can use these outcomes for differential diagnosis. The SLR can be performed in 2 different fashions. For either sequence, the patient is positioned in supine with the head flat on the table. For SLR with a distal initiation (SLRDI; see Appendix A), the clinician first flexes the knee and hip so that the patient's heel is close to the buttock. In this position, the clinician fully dorsiflexes the ankle/foot, so to distally pre-tension the sciatic nerve tissue beyond the tension point at the popliteus.
113 This is performed to ensure maximal distal movement of the dura in subsequent stages of the test, because mere positioning of the lower extremity flat on the table without this maneuver could induce a proximal movement of the distal sciatic nerve towards the popliteus. 1 From this position, the clinician returns the lower extremity to an extended position on the table, while maintaining the dorsiflexed ankle/foot. Then the leg is raised by passively flexing the hip, while maintaining knee extension and ankle/foot dorsiflexion. During this motion, tension is accrued and the dura moves distally. The motion is continued until either the movement reaches the end range or when the patient's symptoms are reproduced. Next, the clinician asks the patient to raise his or her head with a chin tuck, thus flexing the cervical spine. In this position, the tension incurred by this test sequence will be maximized within the entire neural system. Finally, the clinician releases the dorsiflexion in the ankle/foot, thus reducing tension and allowing the dura to move cephalad back towards the original starting position. For SLR with a proximal initiation (SLRPI; see Appendix B), the clinician first flexes the knee and hip so that the patient's heel is close to the buttock. Once again, this places the lumbosacral dura in a slackened position. Next, the clinician asks the patient to raise the head from the mat with a chin tuck, thus flexing the neck and potentially pre-tensioning, to a limited extent, the lumbosacral plexus. 61 Subsequently, the clinician returns the lower extremity to an extended position on the mat, while maintaining the dorsiflexed ankle/foot. Then the leg is raised by passively flexing the hip, while maintaining knee extension and ankle/foot dorsiflexion. During this motion, tension is maximally accrued; however, the distal dura movement is limited by the cephalad pre-tensioning of the lumbosacral dura. Finally, the clinician allows the patient to return the head back to the mat, thus reducing any cephalad pre-tensioning and allowing the dura to move distally. The Slump test series can be divided into a Slump with proximal initiation (SPI) and Slump with distal initiation (SDI). For the starting position in either test, the clinician asks the patient to sit erect with the patient's knees flexed to 90Њ and the legs hanging off of the side of the examination table (see Appendix C). For the SDI, the clinician first dorsiflexes the ankle/foot, so to distally pre-tension the sciatic nervous tissue distal to the popliteal anchor point. While maintaining this position, the clinician moves the dura distal and lateral with respect to the surrounding container by passively extending the knee. Second, entire dural system is maximally tension loaded as the patient tucks the chin, forward flexes the neck and slumps the trunk forward, while maintaining a vertical lumbar position. Finally, the clinician releases the ankle/foot dorsiflexion, thus reducing dural tension and allowing the dural structures to move back to their starting position.
The SPI is performed with a reversed sequence. First, the patient tucks the chin so the neck will be positioned in full flexion. As previously mentioned, this position moves the lumbar plexus and pre-tensions the sacral plexus in a cephalad. Then, the clinician passively dorsiflexes the patient's ankle/foot, while keeping the lumbar spine in the vertical plane. While holding the ankle/foot in dorsiflexion, the clinician passively extends the knee. This position imposes maximum tension in the entire neural system from cephalad to caudad (distal). However, the lumbosacral dura cannot actually move distally, due to the cephalad pre-tensioning. Finally, the patient raises the head and neck into extension, while maintaining the slump position. This consequently reduces the previously imposed cephalad tension load on the dura, finally allowing it to move distally and laterally with respect to the surrounding container (see Appendix D).
For the thoracic spine, root tension can be maximized while utilizing a modified slump test in long sitting. The thoracic slump testing sequence is similar to the lumbar procedures, with the addition of end-range axial rotation in the pre-positioning. Proximal and distal initiation can again be performed in rotation towards or away from the side of pain.
11 Conversely, similar procedures are not reliable for the examination of cervical spine root-related pain, due to the previously mentioned cervical root anchors. 44 Rather, the cervical roots require cervical flexion plus scapular retraction in order to effectively tension load the dura. Dural tension can be achieved through a traction load between the T1 root and the anchoring at the lower cervical dural root sleeves. In addition, changes in cervical root-related symptoms can be witnessed when glenohumeral abduction is added during a pain-provoking cervical lateral flexion. Here, shoulder abduction reduces dural tension through brachial plexus movement and symptoms consequently decline.
Investigators have demonstrated high intertester reliability with selected dural tests. 114 115 Johnson and Chiarello demonstrated a significantly reduced knee extension angle during the Slump test when the patient was initially pre-positioned in either cervical flexion or ankle dorsiflexion. 120 Although this investigation reflected the potential impact of these pre-positions on neural mobility, one may question the role of hamstring activity in the reduction of range. Lew and Briggs addressed this dilemma when they observed a significant reduction of knee extension during the cervical flexion pre-position of the Slump test, accompanied by a lack of significant differences in hamstring electromyographic activity. 121 In summary, these outcomes reflect the importance of systematic inter-tester and intra-tester consistency when administering dural tests. A positive dural test may include a reduction of the joint range produced in the test movement. However, as previously demonstrated, range of motion may vary in response to other factors. In addition, simple discomfort does not necessarily constitute a positive test, as normal subjects may experience this during test procedures. 1, 121 Thus, an important criterion that constitutes a positive dural test is a change in the patient's actual symptoms during the test procedure. If the patient presents with radicular or nonradicular pain, then the clinician should expect the patient to experience the same (or similar) symptoms during a positive dural test.
As previously mentioned, the dura can be irritated by the tension loading encumbered during a primary discrelated disorder. This is a consequence of the dura being intimately attached to the disc at the posterolateral corners of the annulus in a vulnerable area of the endplate. [8] [9] [10] [11] 122 The lower lumbar and cervical disc segments are more prone to develop intradural disc lesions secondary to the adhesive arrangement between the PLL and ventral dura, whereby a nucleus pulposus could tension load the annulus, PLL, and dura as if one structure. 15, 123 In the event that the disc lesion is large enough to tension load an adjacent nerve root, the patient may experience lower extremity pain. Additionally, pain will be provoked during the slump and straight leg raise tests, especially when the root tension is greatest (ankle/foot dorsiflexed, knee extended, and chin tucked; see Table 1 ). Furthermore, the patient will experience greater symptom provocation with slump versus straight leg raise, due to increased root tension and increased posterior nuclear migration during the slump position. Far lateral primary disc lesions produce intense and severe radicular pain, particularly in upper lumbar roots, with an incidence of approximately 6% to 10%. The intense, immediate pain is related to immediate pressure against a mechanosensitive DRG. Additionally, far lateral disc lesions involve the roots that exit at the same level as the disc lesion. This event contrasts the posterolateral disc lesion that affects the root level below the affected disc. Because far lateral disc protrusions occur more frequently in the upper lumbar segments, the femoral nerve tension test is most provocative. 22 Root-related symptoms can be produced by secondary disc-related changes in the surrounding lumbar container. As a consequence, patients with INC or NRCS may demonstrate positive dural tests, albeit they are quite different from the outcomes witnessed with primary disc related disorders. Provocation will be related to either to a compression of a root's inflammatory focus or a loss of dural sleeve mobility associated with fibrosis. In either case, the provocation will be directional. For instance, if the patient suffers from compression of an irritated root between a degenerative disc bulge (anteriorly) and ligamentum flavum (posteriorly), then pain will increase with caudad (distal) dural movement and will decrease with cephalad (proximal) movement. Here, distal dural movement translates the root's irritable focus through the narrowed path between the disc and ligamentum flavum or articular process, whereas cephalad (proximal) movement reduces the compression and subsequent symptoms. This test response is witnessed during the SLR procedures but is frequently absent during Slump procedures, due to the increased area of the intervertebral foramen produced in a slump position (see Table 1 ).
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Similar directional dural test outcomes can be witnessed when the patient suffers from dural sleeve fibrotic adhesions. Once again, distal dural movement increases symptoms and cephalad (proximal) movement reduces them. However, unlike the inflammatory pattern previously mentioned, this provocation pattern is not revoked in the Slump position. Rather, the same directional provocation will be repeated, due to the constraint by fibrotic adhesions on dural sleeve mobility, regardless of intervertebral foraminal diameter (see Table 1 ).
Root-related pain associated with secondary disc degenerative changes can be provoked in the cervical spine. The most painful test eliciting arm symptoms will be the modified Spurling test. For this test, the patient's head and neck is placed in extension, coupled with sidebending and rotation towards the side of arm pain. Here, the clinician stabilizes patient's the opposite shoulder with one hand and provides axial compression to the head and neck with the other. Although the symptoms may be quickly provoked, the clinician may be required to 
Conservative Management
Conservative measures can serve as a valuable concomitant to invasive pain management procedures that are aimed at reducing inflammation about a nerve root, reducing epidural adhesions, and controlling sympathetic activity associated with neurogenic root-related pain. Conservative management of the root-related pain associated with a primary disc-related disorder can involve activity counseling, local modalities, traction, 3-dimensional (3-D) axial separation, extension exercises (in some cases), stabilization exercises, and generalized cardiovascular conditioning (activation). Activity counseling is crucial to the patient suffering from this condition. Indahl et al suggested that including information regarding the nature of the problem would help reduce patients' fear and give them a reason to resume activity. 126 Patients are counseled to avoid sitting and bending during the first few hours of the morning, as this position could increase root tension associated with diurnal stress fluctuations and increased disc height. 127 Local modalities can be used as a precursor to other interventions, so to relax the patient through convergence in the dorsal horn of the spinal cord. Static lumbar traction may be of benefit with certain cases if implemented within the first six weeks post onset. 7 Investigators have demonstrated several positive effects associated with the application of traction to individuals with primary disc related disorders. Investigators have demonstrated that traction produces (1) reduced disc protrusion, [128] [129] [130] (2) reduced motor function impairment associated with radiculopathy, 131 and (3) reduced sequelae associated with dural testing. 132 For lumbar traction, Winkel et al recommend at least 30 minutes of static traction adjusted to 25% to 50% of the patient's body weight, along with a thoracic stabilization belt. For cervical traction, the same author recommends a manual technique that utilizes prepositioning in cervical rotation and or sidebending. In addition to traction, a clinician could implement 3-D axial separation for lumbar root related pain associated with a primary disc lesion that bulges medial to the nerve root.
11,133 This technique is preferred over axial traction for the medial bulge, as traction could increase the tension loading of the root around the protrusion or prolapse and subsequently escalate the patient's symptoms. In concert with traction or 3-D axial separation, a clinician could ask the patient to perform active extension in standing, as well as prone press-ups. These exercises have been used to encourage symptoms to centralize, or relocate from a distal site proximally toward the midline. 134 Investigators have suggested that observing for symptom centralization reduces the need for expensive diagnostic procedures based on the value of the behavior for discriminating between discogenic and non-discogenic pain. 134 In addition, investigators have suggested that clinicians can expect centralizing patients to experience greater improvements in functional outcomes versus noncentralizers 135, 136 and that further diagnostic studies are warranted when patients do not centralize after a limited number of visits. 135 However, the mechanism underlying the centralization phenomenon remains controversial and it is the view of these authors that the phenomenon is related, at least in part, to reduced tension imposed on the nerve root with mechanical maneuvers (such as extension), versus simple migration of nuclear material. As previously noted, patients who suffer from central and lateral root compression may demonstrate directional dural test outcomes during the SLR procedures. These cases may benefit from intermittent traction to encourage "rinsing" of the venous plexus. In addition, patients can be encouraged to engage in neural flossing, whereby they perform repetitive, slow, rhythmic nonpainful distal initiation of dural movements. For the procedure, the patient is passively positioned supine in slight supported lordosis with the hip slightly abducted and externally rotated, as well as flexed between 30Њ and 60Њ. This position can be achieved by positioning a soft chair under the distal lower extremity. After positioning, the patient performs repetitive ankle/foot dorsiflexion for 100 to 150 repetitions once or twice daily. The activity can be progressed to repetitive terminal knee extension with the knee starting in a supported, flexed position (see Figures 9 & 10) .
Similar neural flossing procedures can be used with patients who suffer from neural mobility limitations with directional dural test outcomes during both SLR and Slump procedures. Additionally, flossing can be eventually implemented with patients who suffer from root related pain associated with a primary disc-related disorder, so to reduce the risk of dural adhesions and potentially decrease any inflammatory response in the nerve root. Finally, similar flossing procedures can be implemented in the upper extremity for afflictions related to the cervical spine, but results may be limited as a function of the previously mentioned root anchors.
Various injection applications have been described that effectively address chemically mediated and/or fibrotic nerve root afflictions. These are often needed in conjunction with the conservative techniques described above. Although the descriptions of these techniques are beyond the scope of this article, the reader can refer to appropriate authors for the details of those procedures and their expected outcomes.
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Summary
Distinctions in the patho-anatomy, biomechanics and pathophysiology of spinal nerve roots appear to contribute to the pathology, diagnosis, and management of root-related pain. Primary disc related disorders could produce root-related pain when tension is imposed on a mechanosensitive root, resulting in local transverse root compression and subsequent symptoms. Conversely, secondary disc-related degeneration can produce compression on the nerve roots, resulting in chemical and mechanical consequences imposed on the nervous tissue within the spinal canal, lateral recess, intervertebral foramina, and extraforminal regions. Finally, root mobility can be limited by latent dural adhesions, lending to root irritation. Appropriate differentiation between the tension, compression and adhesive events that are imposed on a painful root will guide a clinician in the selection of suitable management strategies. Differences in root-related pathology can be observed between lumbar, thoracic, and cervical spinal levels, meriting the implementation of different diagnostic tools and management options.
